Excited-state geometries and electronic spectra of butadiene, acrolein, and glyoxal have been investigated by the symmetry adapted cluster configuration interaction ͑SAC-CI͒ method in their s-trans conformation. Valence and Rydberg states below the ionization threshold have been precisely calculated with sufficiently flexible basis sets. Vertical and adiabatic excitation energies were well reproduced and the detailed assignments were given taking account of the second moments. The deviations of the vertical excitation energies from the experiment were less than 0.3 eV for all cases. The SAC-CI geometry optimization has been applied to some valence and Rydberg excited states of these molecules in the planar structure. The optimized ground-and excited-state geometries agree well with the available experimental values; deviations lie within 0.03 Å and 0.7°for the bond lengths and angles, respectively. The force acting on the nuclei caused by the excitations has been discussed in detail by calculating the SAC-CI electron density difference between the ground and excited states; the geometry relaxation was well interpreted with the electrostatic force theory. In Rydberg excitations, geometry changes were also noticed. Doubly excited states ͑so-called 2 1 A g states͒ were investigated by the SAC-CI general-R method considering up to quadruple excitations. The characteristic geometrical changes and large energetic relaxations were predicted for these states.
I. INTRODUCTION
The investigations of the spectroscopy and photochemistry of conjugated molecules are unabated in order to clarify the role of conjugation and the electronic properties of their excited states have been of considerable interest for many years. For understanding the spectroscopic properties of -conjugated molecules, electronic spectra of butadiene, acrolein, and glyoxal are fundamental and an important subject. Therefore, various experimental techniques were applied to characterize the electronic excited states of these molecules. The UV absorption spectra of glyoxal and acrolein were first reported by Walsh and co-workers. [1] [2] [3] Later on, electron impact excitation, 4 electron energy loss spectroscopy ͑EELS͒, [5] [6] [7] UV absorption spectra, [8] [9] [10] resonance Raman scattering spectroscopy 11 methods were applied to these molecules. However, in some cases, contradictory results were obtained; for example, in trans-butadiene, resonance Raman scattering study showed that 1 1 B u state is energetically higher than 2 1 A g state, whereas multiphoton ionization ͑MPI͒ or EELS experiments reported the reverse order. Many theoretical works have also been performed to investigate the electronic spectra of these molecules. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Ab initio methods such as the symmetry adapted cluster configuration interaction ͑SAC-CI͒, 16 complete active space perturbation theory to second order ͑CASPT2͒, 21, 22 multireference
Moller-Plesset ͑MRMP͒, 23 and multireference configuration interaction 24, 25 ͑MRCI͒ were utilized to calculate the vertical excitation energies of these molecules. In the recent years, the low-lying excited states of trans-1,3-butadiene were intensively examined, in particular, the 2 1 A g and 1 1 B u excited states by MRCI with singles and doubles ͑MR-CISD͒ and multireference averaged quadratic coupled cluster ͑MR-AQCC͒ methods 30 and the 2 1 A g excited state by using a variety of ab initio methods, complete active space selfconsistent field ͑CASSCF͒, CASPT2, multireference singles and doubles configuration interaction ͑MRSDCI͒, and quasidegenerate variational perturbation theory ͑QDVPT͒. 31 The geometry relaxation in the excited states is of special interest, since the excited-state geometries are responsible for the shape of the absorption spectra as well as the emission spectra. Accurate theoretical investigation on the excited-state geometries has become possible. 24, 27, 29 For the present 4-electron systems, some theoretical works were reported for the stable geometries of the low-lying valence excited states. However, the analytical energy gradients are not so common to the highly correlated methods which describe both static and dynamics correlations. Among corre-lated methods, SAC-CI, 32, 33 restricted active space selfconsistent field ͑RASSCF͒, 29 and MRCI 34 energy gradients are available. Therefore, further methodological developments and extensive applications for the excited-state geometries are expected. For 1,3-butadiene, many theoretical works have been performed for the electronic spectra. Kitao and Nakatsuji 16 studied the valence and low-lying Rydberg states in both trans and cis forms by using the SAC-CI method. They investigated the vertical excitations and gave the reliable assignments for the optically allowed 1 B u states. They showed that both -and -electron correlations are important for calculating the various excitations. Calculation by means of linear and quadratic response theories also has been performed for the low-lying levels of this molecule. 35 Recently, second order multireference perturbation theory using an optimized partitioning ͑MROPT2͒ was applied to calculate the excited states of butadiene and other molecules. 28 The excited-state geometries of the valence exited states of this molecule were also investigated. Szalay et al. studied the planar and nonplanar structures with multiconfiguration selfconsistent field ͑MCSCF͒. 24 Boggio-Pasqua et al. performed
the RASSCF calculation to examine the geometries of the ionic and covalent excited states of butadiene. 29 For acrolein, valence and Rydberg excited states of cisand trans-acrolein were recently investigated by using CASPT2 and time-dependent density functional theory ͑TD-DFT͒ methods. 27 Accurate assignments were proposed comparing with the experimental results. They also studied the solvent effect of this molecule in aqueous solution. Although the excitation energies estimated by the CASPT2 and TD-DFT methods agree well, the oscillator strength values differ among these calculations. For some transitions, differences were also found in the excitation energies between the CASPT2 and multistate CASPT2 ͑MS-CASPT2͒ calculations. They also studied the geometry relaxation of three lowest valence excited states with unconstrained geometry optimizations. For glyoxal, the SAC-CI method with direct-type algorithm was applied to the singlet and triplet excited states. 19 The adiabatic excitations were also examined and the agreements with the experimental values were encouraging. The excitation energies for this molecule estimated by the SCF, 26 CI, 20 and CASSCF ͑Ref. 36͒ calculations are also available for some low-lying excited states; however, the agreement with the experimental values was not good. For this molecule, the electron correlations were found to be important for reproducing the order of the n + , n − , CvO − and CvO + valence ionized states, 26, 37, 38 and therefore sufficient electron correlations should be evaluated for the accurate calculations of the excited states.
The SAC-CI method 39, 40 has firmed its applicability in the wide varieties of subjects in chemistry and physics, such as in molecular spectroscopy, biological photochemistry, and surface chemistry. 41 The analytical energy gradients of the SAC-CI method are available for various kinds of electronic states. 32, 33, 42 The method is useful for studying the excitedstate geometries, dipole moments, and vibrational frequencies of molecules. In this work, we applied the SAC-CI method to the accurate assignments of the electronic spectra of s-trans 1,3-butadiene, s-trans acrolein, and s-trans glyoxal up to high energy region and to the investigation of the excited-state geometries of these molecules. The -and -electron correlations which are crucial for the proper description of the ionic and covalent excited states can be well described by the SAC-CI method. By calculating the electron density difference between the ground and excited states with the SAC-CI method, the geometry relaxations in the excited states were discussed based on the electrostatic force ͑ESF͒ theory proposed by Nakatsuji.
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II. COMPUTATIONAL DETAILS
The excitation energy and the excited-state geometries for the singlet and triplet excited states were calculated. For calculating the vertical excitations, the double-zeta basis sets due to Huzinaga/Dunning 44 plus one polarization ͓4s2p1d /2s͔ were adopted with double-zeta Rydberg functions for describing 3s3p3d ͑2s2p2d͒ and 4s4p orbitals ͓2s2p͔ ͑Ref. 45͒ for butadiene and glyoxal, and 3s3p3d ͑2s2p2d͒ orbitals for acrolein. Hence, the numbers of atomic orbitals ͑AOs͒ were 188, 152, and 180 for butadiene, acrolein, and glyoxal, respectively. The 1s orbitals of first-row atoms and their counterpart molecular orbitals are kept fixed and excluded from the active space, and therefore the active spaces for calculating the vertical spectra are 172, 136, and 164 molecular orbitals ͑MOs͒.
For the excited-state geometry calculations, we included the 3s3p Rydberg functions ͓2s2p͔ ͑Ref. 45͒ along with DZ1P basis for all these three molecules. The minimumorbital deformation ͑MOD͒ method with frozen-core orbitals was adopted in the SAC-CI geometry optimization. Therefore, the active spaces used in the geometry optimization step are 11 occupied MOs for each molecule and 89, 85, and 81 unoccupied MOs for 1,3-butadiene, acrolein, and glyoxal, respectively.
Since the present valence and Rydberg excited states are dominantly described by single excitations, we used the SD-R calculations. To reduce the computational effort, the perturbation selection scheme was adopted. 46 The LevelThree accuracy was adopted to calculate the large number of excited states accurately. The threshold of the linked terms for the ground state was set to g = 1.0ϫ 10 −6 . The unlinked terms were described as the product of the linked operators with SDCI coefficients larger than 0.005. For excited states, the threshold of the linked doubles was set to e = 1.0 ϫ 10 −7 . The thresholds of the CI coefficients for calculating the unlinked operators were 0.05 and 0.00 for the R and S operators, respectively.
The SAC-CI geometry optimization was performed with the CI-singles ͑CIS͒ optimized parameters as the initial geometry. The initial geometries of CIS calculations were due to experimental ones. 47 The geometry optimizations were restricted to planar structures for all molecules. The SAC-CI general-R calculations, 33, 48 including up to quadruple excitations, were also performed for estimating vertical excitation energies and optimized geometries of the doubly excited states. The GAUSSIAN 03 suite of programs 49 has been utilized for the SAC-CI calculations. Interested readers may glean much information from the articles 41 and references therein.
III. ELECTRONIC SPECTRA OF S-TRANS 1,3-BUTADIENE
In this section, we first discuss the valence and Rydberg excited states of s-trans 1,3-butadiene. The SAC-CI results of the singlet and triplet excited states are summarized for the vertical excitations in Tables I and II 25 and CASPT2 calculation reported a value of 6.27 eV. 21 The CASPT2 tends to predict low excitation energy, especially for the doubly excited states.
Analyzing the electronic part of the second moment ͗r 2 ͘, we found that both the 1 1 17 reported a value of 6.67 eV for the same transition, which agrees well with the present values. Our assignment of CvC − → 3p z for the 2 3 B u state also corroborates the previous SAC-CI assignment 3p by Kitao and Nakatsuji; 16 the excitation energy differs by an amount of 0.14 eV. 
IV. GROUND-AND EXCITED-STATE GEOMETRIES OF S-TRANS 1,3-BUTADIENE
The equilibrium geometries for the ground and some excited states of butadiene optimized by the SAC-CI method are displayed in Fig. 1 . The ground state of trans-butadiene has the planar C 2h structure and the excited-state geometries are examined with restricting the C 2h structure, though nonplanar structures were reported to be stable in some excited states. 29 Recently, it was reported that the T 1 ͑1 3 B u ͒ state of butadiene has planar structure. 58 In Table III , we summarized the comparison of the C-C bond length and CCC bond angles with the experimental and other theoretical values. The adiabatic transition energies are given in Table IV .
The optimized ground-state geometry is in excellent agreement with the experimental one. 47 The terminal C 1 v C 2 bond length is deviated by only 0.005 Å from the experimental value and we got the same C 2 -C 3 bond length as the experimental one. The RASSCF calculation 29 showed deviations of 0.011 and 0.003 Å for C 1 v C 2 and C 2 -C 3 bond lengths, respectively, while the CASPT2 ͑Ref. 59͒ estimation deviates by 0.008 and 0.011 Å. The CCC bond angle in the present study shows the deviation of 0.5°from the experimental value.
For the excited states, planar C 2h structure is interesting to examine the large geometrical change, although stable nonplanar structures were found in some excited states, for example, the C 2 structure was found to be a minimum in the RASSCF work by Boggio-Pasqua et al. 29 For the doubly excited valence 2 1 A g state, we performed the SAC-CI general-R optimization. For this state C v C bond length increases by 0.102 Å and the C-C bond length decreases by 0.035 Å. The C v C bond length is deviated by ϳ0.059 Å from that of the CASPT2 ͑1.501 Å͒ and RASSCF ͑1.499 Å͒ estimations. 29 But the C-C bond length and ЄCCC show good agreement.
Noticeable elongations by 0.071, 0.105, and 0.075 Å of the C 1 v C 2 bond length were calculated for the other va- 59 and RASSCF ͑Ref. 59͒ calculations. Discrepancy was found for only the ЄCCC in the RASSCF calculation by an amount of 1.9°. The C 1 v C 2 bond length increases for every excited state due to the reduction in bond order and this is more clearly explained by the SAC-CI density difference as discussed below. The change in ЄCCC is not unique among the excited states. For 1 1 B u and 1 3 B u states, the CCC bond angle increases slightly and for other cases it decreases as shown in Fig. 1 .
Among the triplet excited states for which SAC-CI geometry optimization was performed, the maximum energy lowering due to geometry relaxation is obtained for the 1 3 B u state as 0.59 eV. The energy lowering for the 1 1 B u and 1 3 A g states were calculated to be 0.33 and 0.37 eV, respectively. Adiabatic energy for the 1 1 B u state in C 2h structure has been examined by several authors. The CASPT2 calculation predicted it as 6.18 eV, 59 and the RASSCF calculation placed it at 6.22 eV. 29 These values deviate by ϳ0.2 eV from the present value of 6.03 eV, whereas the MRCI gave much higher energy, 6.44 eV. 24 Experimentally, the adiabatic excitation energy for the 1 1 B u state was measured as 5.73 eV, 60 which is lower than the theoretical values; nonplanar C 2 structure should be responsible for this energy. The 2 1 A g state showed large relaxation energy, 1.18 eV, because of large geometry change such as the increase of the C 1 v C 2 ͑C 3 v C 4 ͒ bond length by 0.102 Å. Adiabatic transition energy for this state obtained in the present calculation is 5.38 eV which is in agreement with the CASSCF value of 5.30 eV. 31 The CASPT2 calculated values are 5.02 eV ͑Ref. 31͒ and 5.37 eV. 59 The SAC-CI geometry optimization was also performed for several Rydberg excited states in C 2h structure; the geometry changes of the Rydberg states were smaller than those of the valence excited states as expected. For the Rydberg states, the elongation of the C 1 v C 2 bond is around 0.04-0.05 Å, while for the valence excited states it is around 0.1 Å as mentioned above. Similarly, the change in the C 2 -C 3 bond length is larger for the valence states than the Rydberg states. The electron density distribution is much more affected by the valence excitation than the Rydberg excitation. The C-H bonds decrease in length in the excited states. The HC 1 H bond angles increase by 0.6°-1.7°, while C 4 C 3 H bond angles decrease by 0.1°-2.7°in the excited states.
These changes in the geometry due to excitation can be explained using ESF theory proposed by Nakatsuji. 43 We discuss here some of the geometry changes in the excited states of butadiene based on the ESF theory. The electron density differences between the ground and excited states are shown in Fig. 2 . The electron density in the C 1 v C 2 ͑C 3 v C 4 ͒ bond region decreases and that in the C 2 -C 3 bond region increases. More precisely, the electron density in the -bond region increases and the density in the -bond region decreases in general. As a consequence, the C 1 v C 2 ͑C 3 v C 4 ͒ bond increases in length and the C 2 -C 3 bond decreases. For the excited 1 1 B u and 1 3 B u states comparatively large increment in electron density was obtained which is supported by the change in C 2 -C 3 bond. Similarly, the C 2 -H 7 bond decreases in length for the 1 1 B g and 1 3 B g excited states due to an increase of electron density along this bond region. Because of the decrement of electron density in the C 1 v C 2 ͑C 3 v C 4 ͒ bond region, the exchange ͑EC͒ force along this bond decreases, resulting to an increment of the ЄHC 1 H ͑ЄHC 4 H͒ for all the excited states.
V. ELECTRONIC SPECTRA OF S-TRANS ACROLEIN
The SAC-CI results of the singlet and triplet excited states of acrolein for vertical transition are summarized in Tables V and VI, respectively. The first ionization potential ͑IP͒ obtained from the present calculation was 9.82 eV, in comparison with the experimental value of 10.10 eV. 50 The Hartree-Fock orbital sequence of acrolein is expressed as ͑12aЈ͒ 2 ͑1aЉ͒ 2 ͑13aЈ͒ 2 ͑2aЉ͒ 2 ͑3aЉ͒ 0 and the absorption of acrolein is due to the electrons and nonbonding oxygen electrons, i.e., excitations from the 2aЉ and 13aЈ MOs, respectively. Therefore, valence excited states of 2aЉ → 3aЉ͑AЈ , → * ͒, 13aЈ → 3aЉ͑AЉ , n → * ͒, and Rydberg excited states appear below the ionization threshold. 1 AЉ state was reported by Becker et al. 12 We calculated this lowest singlet state at 3.83 eV which shows a fairly good agreement with the observed values, 3.76 ͑Ref. 3͒ and 3.75 eV. 12 This is a valence excitation from n O orbital with very small oscillator strength of 0.0001. Historically, Dykstra and Schaefer III ͑Ref. 61͒ studied the low-lying singlet and triplet states of acrolein by the ⌬SCF method and calculated lower excitation energies. Very recently, a detailed theoretical investigation on the electronic spectra of acrolein was performed by Aquilante et al. 27 using the CASPT2 and TDDFT levels of theories. Excitation energies for the lowest 1 1 AЉ state were estimated as 3.63, 3.63, and 3.66 eV by using CASPT2, MS-CASPT2, and TDDFT, respectively. The oscillator strength for this transition was calculated to be 0.000 23 by TDDFT.
Lowest → * excitation, 2 1 AЈ state, was observed at 6.42 eV, 3 which is lower than our computed value of 6.92 eV. The MS-CASPT ͑Ref. 27͒ calculation estimated this state at 6.10 eV whereas CASPT2 and TDDFT ͑Ref. 27͒ predicted this state at 6.94 and 6.35 eV, respectively. This state corresponds to the 1 1 B u state of butadiene, isoelectronic molecule, calculated at 6.33 eV. We obtained this transition dominantly as valence character which is in agreement with the CASPT2 result, 27 although this state interacts with n O → 3s transition as seen from the second moments and the oscillator strengths. This mixing of Rydberg character was also reported experimentally in some previous studies. 15, 62 Two more valence excited states, 2 1 AЉ and 3 1 AЈ at 6.26 and 7.43 eV, respectively, were also reported in the CASPT2 calculation. 27 We also got transitions of valence character at 7. 40 27 The excitations from n O to Rydberg 3s, 3p y , and 3p x were calculated as 7.19, 7.61, and 7.83 eV, respectively, in comparison with the experimental values of 7.10, 7.58, and 7.77 eV, respectively. 3 The transitions from orbital were predicted in higher energy region, reflecting the binding energies as 8.48 and 7.67 eV for → 3p z and → 3s states, respectively, and the corresponding experimental values are 8.51 and 7.75 eV, respectively. 3 We also calculated the transitions to Rydberg 3d states and the oscillator strength of these transitions are reasonably small as seen in Table V . Comparing with the assignments by the CASPT2 calculation, the molecular axis is different between the present and CASPT2 works, otherwise the present assignment almost agree with the CASPT2 assignments. 27 However, for some Rydberg states, the calculated excitation energies are very different from the CASPT2 values. It was noted that the MS-CASPT2 is reliable for these Rydberg states. 27 We also compared the MS-CASPT2 ͑Ref. 27͒ values in Table V and found better agreement for these Rydberg excitations. However, still a large difference, ϳ0.6 eV, exists for some Rydberg states, e.g., 1 AЈ͑n O → 3d z 2͒ and 1 AЈ͑n O → 3d xy ͒. The assignments for a few higher Rydberg states are also different. We believe that the SAC-CI results for Rydberg states are reliable based on many previous calculations. 63 For the triplet excited states, the lowest triplet 1 3 AЉ͑n O → * ͒ state was calculated to be 3.61 eV. The CASSCF and CASPT2 calculations reported values as 3.73 and 3.39 eV, respectively. 27 We estimated the second triplet state, 1 3 AЈ͑ CvC → * ͒, at 3.87 eV, which is in good agreement with the previous theoretical results, CASSCF ͑3.93 eV͒ and CASPT2 ͑3.81 eV͒. 27 We also calculated higher triplet excited states of Rydberg transitions, which are 0.2-0.5 eV lower than the corresponding singlet excited states. Unfortunately, there are no experimental and theoretical information for the higher triplet states for this molecule.
VI. GROUND-AND EXCITED-STATE GEOMETRIES OF S-TRANS ACROLEIN
Optimized geometries for the ground state and several excited states of s-trans acrolein are displayed in Fig. 3 and the comparison of geometries has been done in Table VII . The adiabatic transition energies are shown in Table VIII .
The ground state geometry agrees very well with the experimental geometry due to Blom and Bauder. 62 The C 1 -C 2 , C 2 v C 3 , and C 1 v O bond lengths of the ground state agree within 0.005, 0.004, and 0.005 Å, respectively, with the corresponding experimental values, while ЄC 1 C 2 C 3 and ЄC 2 C 1 O are deviated by 0.5°and 0.4°, respectively. The present results for the ground state show good agreement with the CASPT2. 27 The excited-state geometries were examined by the CASPT2 ͑Ref. 27͒ method for three low-lying singlet and triplet states; 1 1 AЉ and 1 3 AЉ states were found to be planar and 1 3 AЈ state nonplanar. The SAC-CI geometry optimization was performed for five excited states of valence character, namely, 1 1 AЉ, 2 1 AЈ, 1 3 AЈ, 2 3 AЈ, and 1 3 AЉ states in the planar structure. Among these states, the 1 3 AЈ and 2 3 AЈ states, both of which correspond to → * transition, were calculated to be lowered by 0.41 and 0.64 eV, respectively, due to geometry relaxation. In the case of 1 1 AЉ state we adopted the localized molecular orbital ͑LMO͒ method to compute the adiabatic transition energy. Using LMO we obtained improvement of the transition energy, 3.38 eV, which is deviated by 0.33 eV from the corresponding experimental result of 3.05 eV. 64 For the other states, 2 1 AЈ, and 1 3 AЉ states, the energy stabilizations due to geometry relaxation were quite small 0.03-0.1 eV. We got a value of 3.42 eV for the 1 3 AЉ state, corresponding available experimental value is 3.01 eV. 14 In the ⌬SCF calculation, 61 the energy obtained lowering for 1 3 AЈ and 1 3 AЉ states were as large as 1.11 and 0.68 eV, respectively.
For the first singlet excited 1 1 AЉ state, good agreement was obtained between the experimental and computed geometrics. In this case, we got the same values as the experiment for the C 2 v C 3 bond length and ЄC 1 C 2 C 3 . 64 The C 1 -C 2 and C 1 v O bond lengths are deviated by 0.025 and 0.032 Å, respectively, from the experimental values. 64 For all the excited states reported here, the C 1 -C 2 bond was predicted to be contracted relative to the ground state whereas the change in C 1 v O bond was negligible. For the 2 1 AЈ and 1 3 AЈ states the C 2 v C 3 bond increases by 0.114 and 0.168 Å, respectively. This is a clear evidence of CvC → * transition. A noticeable change, 3.7°, of the ЄC 1 C 2 C 3 was also predicted for these states, whereas the ЄC 2 C 1 O is changed by 1.2°and 0.9°, respectively. Similarly, 1 1 AЉ and 1 3 AЉ states correspond to n O → * transition where an elongation of C 1 v O bond length by 0.074 Å and an increment of the ЄC 2 C 1 C 3 by 4.7°and 5°, respectively, were obtained. Most of the SCF optimized geometries of Dykstra and Schaefer III ͑Ref. 61͒ for excited states agree with the present data. However, there are deviations in some cases. For example, in the excited 1 3 AЈ state, the C 1 v O bond length is deviated by 0.16 Å. The C-H bonds decrease in length in the excited states. Large decrement of the ЄC 1 C 2 H was obtained, 1.5°-4.2°, in particular for the 2 1 AЈ excited state, 4.2°. On the other hand, the C 2 C 1 H bond angles opened around 1°-6°; maximum change, 6°, was obtained for the excited 1 3 AЉ state. For acrolein, we also calculated the electron density difference and applied the ESF theory to interpret the geometrical changes. The SAC-CI electronic density differences are displayed in Fig. 4 . For the 2 1 AЈ and 1 3 AЈ states, the electron density decreases in the region of C 2 v C 3 bond.
Hence, the change of EC force occurs and the C 2 v C 3 bond length increases. The opposite effect was obtained for the C 1 -C 2 bond due to the increase of electron density in this -bond region. The ЄC 1 C 2 C 3 increases also due to the change in the EC force. On the other hand, the ЄC 2 C 1 O decreases slightly due to the change in atomic dipole ͑AD͒ force as the electron density of the lone pair of oxygen increases. The C 1 v O bond increases whereas the C 1 -C 2 bond decreases as the changes in the electron density and consequently the changes in the EC force in these bond regions are opposite.
VII. ELECTRONIC SPECTRA OF S-TRANS GLYOXAL
Vertical transition energies below the ionization threshold of s-trans glyoxal are summarized in Tables IX and X for singlet and triplet states, respectively. The first IP was calculated to be 10.49 eV, in agreement with the experimental value of 10.60 eV. 50 Glyoxal has delocalized electrons and lone-pair electrons on the oxygen atom. The lone pair orbitals constitute n + and n − orbitals. The valence MOs are n + , n − , CvO −, and CvO + in the order of increasing IP experimentally proposed by Turner, 37 which is in agreement with the present SAC-CI results. The previous systematic SAC-CI study 65 on the valence shell of 4-conjugated molecules also gave the same ordering for these states. Therefore, the excitations corresponding to → * transition are relatively higher in energy than those of n → * ; the order of valence shell is important for the correct assignments of the excited states.
The first singlet and triplet A u ͑n → * ͒ states were experimentally observed and well established. We have calculated these states at 3.10 and 2.63 eV which deviate by 0.30 and 0.13 eV, respectively, from the corresponding observed values, 2.8 and 2.5 eV; 7 the agreement is better than the previous SAC-CI calculation. 19 The valence 1 1 B g state was calculated at 4.68 eV in the present calculation and was characterized as the excitation from the n O + orbital. This result is corroborated by some experimental works such as the electron-impact spectroscopy of Verhaart 
VIII. GROUND-AND EXCITED-STATE GEOMETRIES OF S-TRANS GLYOXAL
Comparison of the optimized geometries with the available experimental and other theoretical values has been made in Table XI . Optimized geometries and adiabatic excitation energies are displayed in Fig. 5 and Table XII, respectively. Herzberg 72 reported that S 0 , S 1 , and T 1 states of trans-glyoxal have C 2h planar structure. This planar structure for the S 0 and S 1 states of s-trans glyoxal was also confirmed by other experimental works. 73, 74 Again, the SAC-CI ground state geometry agrees very well with the experimental observations of Paldus and Ramasay 74 and Briss et al. 75 Deviations of the C-C and C v O bond lengths from experimental values are 0.003 and 0.008 Å, respectively. 75 ЄCCO and ЄCCH also deviate very less from the experimental values, within 0.1°a nd 0.6°, respectively. 75 The CCSD calculation of Stanton and Gauss 76 for the ground state of glyoxal using TZ2P basis set also gave the same results.
Experimental geometry due to Paldus and Ramasay 74 for the 1 A u excited state agrees well with our computed geometries. In the excited states, the C v O bond is elongated and the CC bond decreases in length. The C v O bond length increases due to a reduction in bond order while the C-C bond distance contracts and the CCO and CCH angles open. The C-H bond lengths shrink in the excited states. To interpret these geometry changes using ESF theory, we have displayed, in Fig. 6 , the electron density difference between the ground and excited states. For these excitations, the electron density in the C-C -bond region increases. As a result EC force increases along the C-C bond, and the C-C bond length decreases. On the other hand, in the C v O -bond region, the electron density decreases and the C v O bond length increases. Again the change of the electron density on O atoms results to a change of AD force. Hence, the CCH bond angles increases. A shrink in the C-H bond lengths is also observed due the change of EC force. The equilibrium structures of these 2 1 A g states for butadiene and glyoxal were also evaluated by the SAC-CI geometry optimization and the characteristic geometrical changes were predicted. For butadiene, the CC bond length of the 2 1 A g state increases by 0.102 Å, which is much larger than other singlet states. The same is true for the CO bond length of glyoxal: the CO bond elongation was calculated to be 0.117 Å, while the CC bond length of this state shrinks by 0.156 Å. This large geometrical change is reasonable; the same change was obtained for the 1A u state, n O + → * transition. The relaxation energies of these states were calculated to be very large, 1.18 and 1.77 eV for butadiene and glyoxal, respectively, which are much larger than other singly excited states.
X. COMPARISON OF THE EXCITED STATES
The calculated excitation energies of vertical singlet and triplet transitions of butadiene, acrolein, and glyoxal are compared in Fig. 7 . The valence ionized states are in the order of 1 Ͻ 2 for butadiene, n Ͻ 1 Ͻ 2 for acrolein, and n + Ͻ n − Ͻ 1 Ͻ 2 for glyoxal in the increasing order of IPs. Therefore, for butadiene, the low-lying valence excited states are of → * character, while for acrolein and glyoxal, the low-lying states are of n → * character. The transition energy of the lowest → * excitation increases in the order of butadiene, acrolein, and glyoxal, reflecting the IPs of the lowest states. The correspondence of the → * excitations among these molecules was shown by dotted lines in Fig. 7 . In the case of acrolein and glyoxal, the → * tran- sitions correspond to the excitations from more deeply bound CvO MOs. The lowest n → * transitions of glyoxal are lower in energy than that of acrolein.
XI. CONCLUSION
The SAC-CI method has been successfully applied to calculate the electronic spectra and the excited-state geometries of 1,3-butadiene, acrolein, and glyoxal in their s-trans conformation. Theoretical spectra including valence and Rydberg excited states agree well with the experimental spectra and the detailed assignments were proposed with the analysis of second moment. The deviations of the vertical excitation energies from the experiment were less than 0.3 eV for all cases. For the doubly excited states the general-R calculations including up to quadruple excitations were performed. The calculated excitation energy of this 2 1 A g state for butadiene is in good agreement with those of the recent calculations. The 2 1 A g state of glyoxal was found to be pure double excitation: this is the first reliable theoretical prediction of this state.
The stable structures have been studied for some valence and Rydberg excited states in the planar structure. The optimized ground-and excited-state geometries agree well with the available experimental values; deviations lie within 0.03 Å and 0.7°for the bond lengths and angles, respectively. The geometry relaxation in valence excited states are as large as ϳ0.1 Å in C-C and C v O bond lengths and those of Rydberg excited states are about ϳ0.05 Å. For doubly excited states, characteristic geometrical changes and large energetic relaxations were predicted. The force acting on the nuclei caused by the excitations has been discussed in detail by calculating the SAC-CI electron density difference between the ground and excited states; the geometry relaxation was well interpreted in the light of the electrostatic force theory. 
